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We aimed to evaluate the effect of different grazing management strategies on 36 
carcass characteristics traits, meat quality and CH4 intensity and yield of lambs 37 
grazing Italian ryegrass pastures in Southern Brazil. A grazing trial was performed 38 
(2014 and 2015) in a randomized complete block design with two grazing 39 
management targets and four replicates. Treatments were traditional rotational 40 
stocking (RT), with pre- and post-grazing sward heights of 25 and 5 cm, respectively, 41 
and ‘Rotatinuous’ stocking (RN), with pre- and post-grazing sward heights of 18 and 42 
11 cm, respectively. Castrated crossbred Texel and Polwarth lambs were used. 43 
Results indicated that diet cost per kg of dry matter (p = 0.001) and per hectare (p < 44 
0.001) were lower for RN than for RT treatment. Final live weight (p = 0.022) and 45 
hot and cold carcass weight (p = 0.006) were greater for the RN treatment. All 46 
commercial cuts were greater for RN than for RT treatment. The RN treatment 47 
presented greater (p < 0.001) production of carcass, edible food and crude protein. 48 




CH4 intensity per kg of carcass, edible food and crude protein gain were 2.6, 2.7 and 50 
2.1 times lower (p < 0.001) for RN. Moreover, CH4 yield was lower (p = 0.014) for 51 
RN than for RT treatment, with an average of 7.6 and 8.3% of the gross energy intake, 52 
respectively. We conclude that the ‘Rotatinuous’ stocking results in a greater carcass 53 
production, carcass quality and lower diet cost, and CH4 intensity and yield of 54 
grazing lambs. Adopting this grazing management strategy could enhance both lamb 55 
production and mitigation of CH4 intensity and yield in grazing ecosystems, which 56 
could be considered a good example of climate-smart livestock production. 57 
 58 
Keywords: lamb carcass, food production, greenhouse gases, rotational stocking, 59 
methane intensity, sward management 60 
 61 
1. Introduction 62 
Climate change has important consequences for global agriculture production 63 
(Lipper et al., 2014). Extreme weather events, water shortages, land degradation, the 64 
disruption of ecosystems and loss of biodiversity can be expected (FAO, 2016) while 65 
agriculture systems can be significant drivers of climate change (Springmann et al., 66 
2018). 67 
Livestock holds the largest share in agricultural greenhouse gas (GHG) 68 
emissions, mainly because of CH4 emissions from enteric fermentation of ruminants 69 
(Gerber et al., 2013; Herrero et al., 2016). At the same time, livestock products 70 
largely contribute to human feeding (Gaughan et al., 2018), which in turn is 71 
increasing (FAO, 2017) with projection around 9.8 billion people by 2050. This 72 
scenario will drive greater demand for animal protein (Eisler et al., 2014) and could 73 




ruminants in the world are raised in pasture-based or mixed systems, a strong 75 
emphasis must be oriented in understanding how grazing practices can impact GHG 76 
emissions, food production, biodiversity, carbon sequestration in the soils (Godde et 77 
al., 2018) and animal welfare (Llonch et al., 2017). Therefore, the challenge is 78 
developing strategies to reduce livestock’s carbon footprint while increasing food 79 
production (Godfray et al., 2010).  80 
Climate-smart approaches are proposed to achieve these goals under a global 81 
climate change scenario (Lipper et al., 2014).Henry et al. (2018) pointed out that 82 
some of the negative consequences of ruminant livestock production can be mitigated 83 
through adaptive management with improvements in animal nutrition. Many studies 84 
regarding grazing management strategies to mitigate GHG emission focus on the 85 
plant component and its ability to store carbon in the soil (Smith, 2014; Henderson 86 
et al., 2015; de la Motte et al., 2018). However, sustainable food production must 87 
also consider the ability of the animal to perform well in the grazed environment. 88 
Hence, climate-smart grazing practices should aim to maintain production levels with 89 
a reduced herd size (Herrero et al., 2016), which is possible with well-managed 90 
pastures under moderate grazing intensity (Souza Filho et al., 2019; Kunrath et al., 91 
2020).  92 
In this way, an innovative grazing management strategy would conciliate the 93 
trade-off of producing more animal products with fewer animals. One way to this 94 
appease was proposed by Carvalho (2013). The grazing management called 95 
‘Rotatinuous’ stocking is based on optimum sward structure aiming to minimize the 96 
time required to achieve animals’ requirements at grazing (Carvalho, 2013). It results 97 
in lower stocking rates and moderate grazing intensities, as well as greater herbage 98 




grazing sward mass. This is the opposite of the traditional rotational grazing 100 
management oriented to maximize plant growth and forage utilization efficiency by 101 
animals. In this way, Savian et al. (2018) applied ‘Rotatinuous’ stocking and reported 102 
increased in herbage intake and decreased in CH4 emissions by grazing sheep by 1.6 103 
times per area and 2.7 times per kg of live weight (LW) gain, respectively. Similarly, 104 
Souza Filho et al. (2019) working with temperate black-oat and Italian ryegrass 105 
mixed pastures in southern Brazil found greater animal LW gain with lower CH4 106 
intensity (g CH4/kg LW gain). 107 
Therefore, we hypothesized that the ‘Rotatinuous’ stocking (RN) aiming to 108 
maximize herbage intake per unit of time through offering the best sward structure 109 
results in greater carcass production, commercial cuts, meat quality and lower diet 110 
cost, carcass CH4 intensity and yield of lambs grazing Italian ryegrass (Lolium 111 
multiflorum) pastures than the conventional rotational stocking (RT). 112 
 113 
2. Materials and methods 114 
 115 
2.1. Site, design and treatments 116 
The experiment was conducted in two stocking periods (2014 and 2015) at 117 
the experimental agricultural station of the UFRGS in Eldorado do Sul city, State of 118 
Rio Grande do Sul, Brazil (30°05´S, 51°39´W). The climate in the region is 119 
subtropical humid with the two-year (2014-2015) mean air temperature and total 120 
rainfall during the experimental period (May to August) of 16 °C and 1250 mm, 121 
respectively (INMET). The soil of the experimental site was classified as a Typic 122 
Paleudult with 17.5% clay, 20% silt and 62.5% sand. In the upper 20 cm, the soil 123 





3 of exchangeable Al3+, 3.77 cmolc/dm
3 of cation exchange 125 
capacity, 39% of base saturation and a pH of 4.05. 126 
The experiment used a randomized complete block design with two grazing 127 
management strategies as treatment with four paddocks (replicates) per treatment. 128 
Grazing treatments on Italian ryegrass (Lolium multiflorum) pastures were: RT, 129 
traditional rotational stocking, and RN, ‘Rotatinuous’ stocking (Carvalho, 2013). 130 
Under the RT treatment, the pre-grazing target of 25 cm was applied to ensure the 131 
maximum herbage accumulation in Italian ryegrass and high grazing pressure was 132 
applied to reach a post-grazing height of 5 cm, maximizing herbage harvest during 133 
the period of occupation of the strip-grazing (Mittelmann, 2017). The RN treatment 134 
was defined by an optimal sward height (pre-grazing) of 18 cm for Italian ryegrass 135 
(Amaral et al., 2013) when the herbage intake per unit of time is highest, and a post-136 
grazing target of 11 cm, meaning an average reduction of 40% of the initial height 137 
(Fonseca et al., 2012; Mezzalira et al., 2014) aiming to maintain the highest intake 138 
rate during the entire grazing period (Carvalho, 2013).  139 
 140 
2.2. Herbage and animal management 141 
The protocol was approved by the Committee on the Ethics of Animal 142 
Experiments of the University of Rio Grande do Sul (Permit Number: 27457). 143 
The experimental area had eight 0.22-ha experimental units (paddocks). 144 
Italian ryegrass seeds were broadcasted on April 2014 and 2015, with a density of 35 145 
kg seed/ha. Every year, the pasture was fertilized with 155 kg N/ha, 90 kg P2O5/ha 146 
and 45 kg K2O/ha. In the last two years prior to the field trial, the experimental site 147 




spring) and pearl millet (summer-autumn), equally fertilized and grazed only by 149 
sheep. 150 
The grazing management was based on a 1-day strip-grazing regime. Every 151 
day, the animals entered a new strip between 14:00 and 15:00 h in both treatments. 152 
The size of the strips ranged from 50 to 200 m2, and the number of strips per paddock 153 
was defined by the herbage growth; the animals started a new stoking cycle when the 154 
first strip grazing reached the target height proposed for each treatment. The stocking 155 
season lasted 146 and 140 days for RN and RT, respectively, in 2014, and 155 and 156 
146 days for RN and RT, respectively, in 2015 (Savian et al., 2018). The number of 157 
stocking cycles was 12 and 4 for RN and RT, respectively, and the rest period was 158 
13 and 35 days for RN and RT, respectively (Savian, 2017). The sward height was 159 
monitored in all paddocks using a sward stick (Barthram, 1985) every two days with 160 
100 measurements per strip, which included pre- and post-grazing times. A total of 161 
166,132 sward height measurements (pre- and post-grazing) were performed during 162 
the two years. 163 
Experimental animals were castrated crossbred Texel and Polwarth (known 164 
as Ideal in Brazil) lambs. At the beginning of the stocking season, the animals aged 165 
10 months and weighed 26.2 ± 0.9 kg in 2014 and 22.1 ± 1.8 kg in 2015. Four test-166 
animals per paddock and a variable number of put-and-take animals (Mott and Lucas, 167 
1952) were used to achieve post-grazing targets in all strips.  168 
All animals were sheared before the start of the stocking season and dosed 169 
with oral vermifuge at the beginning of the stocking season and every 30 days. The 170 
animals received water and commercial mineral block supplementation (Blokus®, 171 




of the stocking season, animals were submitted to a fasting period of 12 hours before 173 
weighing.  174 
 175 
2.3. Biometric measurements and carcass characteristics 176 
 Only in 2015, on the last day of the stocking season, linear body conformation 177 
measurements were taken on the test animals (16 and 14 animals from RN and RT 178 
treatment, respectively), such as body length, leg length and circumference, chest 179 
width, width of croup, thoracic perimeter, rump and shoulder heights (Osório et al., 180 
1998).  181 
Lambs were slaughtered following humanitarian practices after fasting for 14 182 
hours by electrical stunning followed by exsanguination. The time from mustering 183 
to stunning was on average 22.5 h. Carcasses were trimmed, and hot carcass weights 184 
recorded. Carcasses were chilled at 4-5°C for 24 hours and cold carcass weights were 185 
recorded. Carcass yield was calculated as the division of cold carcass weight by lamb 186 
LW before slaughter (kg/100 kg LW).  187 
The internal and external length of the carcass, leg and shoulder lengths and 188 
depths were measured to assess carcass conformation according to Osório et al 189 
(1998). Subsequently, the carcasses were separated in commercial cuts that were 190 
weighed separately as such: neck, shoulder, ribs, loin and leg. According to Fisher 191 
and De Boer (1994), dissection of the shoulder was performed to measure tissue 192 
composition in terms of muscle, bone and fat. 193 
 194 
2.4. Carcass quality 195 
The carcass pH (Lutron, PH 208 model) was measured on the Longissimus 196 




24 hours postmortem (ultimate pH). According to Osório et al. (1998), marbling was 198 
subjectively scored by two independent assessors on slices of loin taken from the 199 
lumbar region (Longissimus dorsi) using a five-point visual scale ranging from 1 200 
(little or no marbling) to 5 (high marbling). According to AMSA (1967), the area 201 
(cm2), depth (mm) and width (mm) of loin and subcutaneous fat thickness (mm) were 202 
measured. The same loins were used to investigate colour stability using the CIE L* 203 
(lightness), CIE a* and (redness) CIE b* (yellowness) scale as according to Centre 204 
International de L’Eclairage (1986), using a BYK spectrophotometer (Gardner 205 
GmbH). 206 
 207 
2.5. Calculations 208 
The carcass production per hectare was based on lamb LW production (kg/ha) 209 
and stocking rate (kg LW/ha) from 2014 and 2015, and carcass yield (kg/100 kg LW) 210 
from 2015. Human-edible food and crude protein (CP) production per hectare were 211 
obtained by carcass production per hectare and the bone and CP percentage of the 212 
carcass, respectively. We considered fat and muscle as human-edible food. The 213 
carcass CP assumed was 15.3% (Silva et al., 2005). 214 
To calculate the daily herbage intake per hectare we used individual lamb dry 215 
matter (DM) intake (Savian et al., 2018) and stocking rate (lambs/ha). Feed 216 
conversion efficiency was calculated as the division of the DM intake per hectare 217 
(individual lamb DM intake multiplied by the number of animals per hectare) and 218 
the animal carcass weight gain per hectare during the stocking season. For this, we 219 
used the estimated individual value for each animal, that is, the average of three daily 220 
DM intake measurement for each test-animal during the stocking season using the 221 




using the faecal crude protein technique. For that, a specific equation for Italian 223 
ryegrass was used (Azevedo et al., 2014). 224 
Sulphur hexafluoride (SF6) tracer method (Johnson et al., 1994) was used to 225 
measure the daily CH4 emission by lambs. For more details on the field gas sampling, 226 
the number of measurements and laboratory analysis see Savian et al. (2018). 227 
Similarly, to calculate the lamb CH4 intensity of edible food and CP 228 
production, we used the database of daily CH4 emission by lamb as Savian et al. 229 
(2018) and  the carcass gain. The CH4 yield (% of gross energy intake) was estimated 230 
based on individual lamb CH4 emission (Savian et al., 2018) and energy intake. Lamb 231 
gross energy intake was based on DM intake reported by Savian et al. (2018) and the 232 
gross energy content of Italian ryegrass pastures (17.8 MJ/kg DM) reported by 233 
Savian et al. (2014). 234 
Lamb diet cost was based on seed, fertilizers and diesel spent to cultivate one 235 
hectare of Italian ryegrass; pasture implementation was equal for both treatments 236 
(US$239 per ha; Table 1). Then, feed cost (US$/kg DM produced) was based on 237 
herbage production per hectare (8.7 and 6.8 t DM/ha for RN and RT, respectively; 238 
Savian, 2017) and cost of pasture implementation. Diet cost per lamb and hectare 239 
were based on daily DM intake by lamb (Savian et al., 2018), the number of lambs 240 
per hectare and cost per kg of DM. Finally, feed cost conversion (US$/kg of carcass 241 
gain) was based on the amount of US$ spent on feed divided by the carcass weight 242 
gain. 243 
   244 
2.6. Statistical analysis 245 
All data were checked for normality and homogeneity of variance using 246 




transformation procedure if necessary. Data were subjected to analysis of variance at 248 
5% level of significance. The analysis was performed using the R software for 249 
statistical computing version 3.5.3 (RStudio Team, 2016). For animal variables (in 250 
vivo and carcass measurements), treatment was considered a fixed effect, and block 251 
a random effect. For some variables (per hectare data), the year was added to the 252 
model as a random effect when the data had two years (2014 and 2015). Linear 253 
models and linear mixed models (lme) were tested and the best model was selected 254 
by likelihood ratio test and Akaike’s Information Criterion (AIC). 255 
 256 
3. Results 257 
3.1. Herbage characteristics 258 
Table 1 shows the diet cots and the pre- and post-grazing sward heights 259 
according to the target proposed to this study as described by Savian et al. (2018). 260 
Diet cost per kg of DM (p = 0.001) and per hectare (p < 0.001) were lower for RN 261 
than for RT treatment. Daily diet cost per lamb was US$ 0.025 and did not differ (p 262 
= 0.461) between the treatments.  263 
  264 
3.2. Conformation of lambs and their carcasses 265 
Feed intake and efficiency, and carcass characteristics of lambs are shown in 266 
Table 2. The greater (p < 0.001) herbage intake per hectare for RT than for RN 267 
treatment (32.2 and 22.6 kg/day, respectively) was not efficient to achieve less feed 268 
per kg of carcass gain; this means that the feed conversion was better for the RN than 269 
for RT treatment, that is, for each kg of carcass gain was necessary 18.7 and 34 kg 270 
of DM, respectively. Consequently, RN treatment presented better feed cost 271 




per kg of carcass weight gain), respectively. Final LW (p = 0.022) and hot and cold 273 
carcass weight (p = 0.006) were greater for the RN treatment. Cold carcass yield (kg 274 
carcass/100 kg LW) did not differ (p = 0.399) between treatments, with an average 275 
of 45%. Carcass weight muscle was greater (p = 0.041) for the RN treatment, and 276 
carcass weight fat (p = 0.066) and bone (p = 0.454) did to differ between treatments.  277 
Table 3 shows the in vivo body and carcass conformation. The in vivo body 278 
conformation of lambs, such as leg length (p = 0.035), width of croup (p = 0.004), 279 
thoracic perimeter (p < 0.001) and posterior height (p = 0.006) were greater for the 280 
RN treatment. Other variables such as body length (p = 0.957), leg circumference (p 281 
= 0.307), chest width (p = 0.296) and previous height (p = 0.099) did not differ 282 
between treatments. The carcass conformation of lambs, as internal (p = 0.089) and 283 
external (p = 0.213) length, leg length (p = 0.723) and depth (p = 0.079), and shoulder 284 
length (p = 0.476) and depth (p = 0.340) did not differ between treatments. 285 
All commercial cuts were greater for RN than for RT treatment, with an 286 
average of 3.10 and 2.68 kg for leg (p = 0.007), 2.87 and 2.35 kg for rib (p = 0.001), 287 
1.76 and 1.45 kg for shoulder (p < 0.001), 0.74 and 0.64 kg for neck (p = 0.011), and 288 
0.47 and 0.39 kg for loin (p = 0.009), respectively (Fig. 1).  289 
Carcass composition and quality are shown in Table 4. The percentage of 290 
muscle (p = 0.993) and fat (p = 0.266) in the carcass did not differ between 291 
treatments, with an average of 61 and 14%, respectively. However, carcass bone was 292 
greater (p = 0.046) for RT than for RN treatment (26 and 23%, respectively). Eye 293 
muscle area (p = 0.284) and width (p = 0.671) did not differ between treatments; 294 
however, the eye muscle height was greater (p < 0.009) for the RN treatment (Table 295 




The pH in the Longissimus dorsi muscle was 7.0 and 5.6, for the hot (p = 297 
0.070) and cold (p = 0.792) carcass, respectively, with no difference between 298 
treatments. The Longissimus dorsi muscle marbling fat was greater (p < 0.001) for 299 
the RN treatment, while the subcutaneous fat thickness did not differ (p = 0.467) 300 
between treatments (Table 4). Meat colour, L* (p = 0.149), a* (p = 0.807) and b* (p 301 
= 0.824), with an average of 49, 15 and 8, respectively, did not differ between the 302 
treatments (Table 4). 303 
Finally, although the stocking rate was 74% greater (p < 0.001) for the RT 304 
treatment (Table 2), the RN treatment presented greater (p < 0.001) carcass (184 and 305 
122 kg/ha for RN and RT, respectively), edible food (141 and 90 kg/ha for RN and 306 
RT, respectively) and crude protein (28 and 19 kg/ha for RN and RT, respectively) 307 
production per hectare (Table 5). 308 
 309 
3.5. CH4 intensity and yield 310 
The CH4 intensity and yield are shown in Table 5. CH4 emission intensity per 311 
kg of carcass, edible food and crude protein gain was 2.6, 2.7 and 2.1 times lower (p 312 
< 0.001) for RN than for RT treatment. Moreover, CH4 yield, based on gross energy 313 
intake was lower (p = 0.014) for RN than for RT treatment, with an average of 7.6 314 
and 8.3%, respectively. 315 
 316 
4. Discussion 317 
This study shows that within rotational grazing management practices, 318 
adjusting pre- and post-grazing sward height either to maximize total forage 319 
accumulation and harvest efficiency (RT) or the herbage intake per unit of time by 320 




CH4 intensity and yield. In the ‘Rotatinuous’ stocking scheme, lambs reached greater 322 
final LW and carcass weight (Table 3), increased production of carcass and edible 323 
food and protein per hectare (Table 5), even with 74% fewer lambs per area (Table 324 
3). 325 
 326 
4.1. Meat production 327 
The greater final LW, carcass gains and conformation of lambs grazing Italian 328 
ryegrass pastures were a consequence of the appropriate sward structure in the RN 329 
treatment, which consequently promoted greater lamb herbage intake combined with 330 
greater nutritive value of consumed herbage in each strip-grazing (Savian et al., 331 
2018) and over the stocking season (Savian et al., 2020). The metabolizable energy 332 
intake over the whole grazing period was increased by 15% (Savian et al., 2018). 333 
Boval and Dixon’s (2012) theorized that management priority in grasslands should 334 
be based on the objective to achieve the highest intakes of DM or preferably 335 
digestible nutrients, especially energy.  336 
Accordingly, final LW and carcass weights of lambs grazing in the RN 337 
treatment were 14 and 19% greater than lambs grazing in the RT treatment (Table 338 
3). According to Galvani et al. (2008) and Pinheiro and Jorge (2010), many other 339 
indicators of performance and quality can be improved consistently. In this sense, 340 
meat quality and final pH in the Longissimus dorsi (approx. 5.6) in both treatments 341 
indicates adequate feeding (Luciano et al. 2012), and that post-mortem glycolysis 342 
ensured proper meat colouring, as pH value greater than 5.7 must be avoided (Young 343 
et al., 2004). In other words, the RN management also produced meat with greater 344 




The consequences of such improvement in individual performances were 346 
greater efficiencies, despite lower stocking rate and herbage intake per area, which 347 
indicate that the approach of high pasture utilization per area may not be a good 348 
indicator of production and efficiency. For example, the RN grazing management 349 
increased the feed-to-food efficiency by 82% and 178%, based on feed conversion 350 
(kg forage per kg of carcass gain) and feed cost conversion (US$ per kg of carcass 351 
gain), respectively as compared to RT treatment (Table 3). This is preconized by 352 
FAO (2013) and important to highlight, as feed cost per kg of DM and hectare were 353 
respectively 1.3 and 1.8 times lower in RN than in RT (Table 1). Moreover, the 354 
consequences of improved grazing management (RN treatment) extend beyond 355 
individual performances (Savian, 2017), as they allow for a reduction in the residence 356 
time of the animals on the farm since they reach ideal slaughter weight earlier, which 357 
is evidence that the RN treatment can provide greater profitability, and which may 358 
be an attraction for farmers to adopt this innovation. 359 
Assuming a slaughter LW of 33 kg (Da Silva et al., 2000) for the crossbreed 360 
lambs, animals in the RN treatment could have been slaughtered 42 days before RT 361 
treatment. This would possible by the greater LW gain for the RN than for the RT 362 
treatment (119 and 47 g/day, respectively; Savian, 2017). Such an increase in turn-363 
off weights and a decrease in turn-off age on farms are key points to improve 364 
profitability (Bray et al., 2016), which are achieved in RN without any increase in 365 
production costs whatsoever. Moreover, our calculations overlook the potential 366 
positive impact on the nutritional status of reproducing females, which is key to act 367 
on profitability (Delgadillo and Martin, 2015). 368 
 In addition, it is possible to manage pastures prioritizing the individual 369 




achieve good carcass conformation, such as greater weight of cuts (Fig. 1) and 371 
marbling (Table 4), and greater food production per area, such as edible food and 372 
protein (Table 5). We believe this is the right way for sustainable livestock 373 
intensification, considering the growing demand for human protein food security, 374 
which according to Broderick (2018) is the main role of ruminant livestock 375 
production.  376 
However, greater food production is not the only global demand, as illustrated 377 
by the debate on sustainable intensification and agroecology pointed out by Dumont 378 
et al. (2018). Whatever the grazing management proposal, or whatever the chosen 379 
pathway to agricultural sustainability (Mockshell and Kamanda, 2018), it has to 380 
prove a lower environmental impact. 381 
 382 
4.2. Environment sustainability 383 
Our data indicate that CH4 emission intensity was 2.6 (per kg of carcass 384 
production), 2.7 (per kg of edible food production), and 2.1 times (per kg of protein 385 
production) lower for the RN treatment (Table 5), which is a consequence of i) the 386 
greater meat production per animal (e.g. carcass weight, Table 3); ii) the greater meat 387 
production per area (Table 5) and; iii) the lower stocking rate - reduction in herd size 388 
of 74% when compared to the RT treatment (Table 3).  389 
There are a few examples of direct interaction between intrinsic meat quality 390 
and environmental value (Hocquette et al., 2014). For this reason, we calculated the 391 
protein production in both treatments and demonstrated that RN approach is more 392 
efficient to mitigate CH4 emissions per kg of protein produced. Similarly, McAuliffe 393 
et al. (2018) showed that concentrate-fed beef produced approximately half the 394 




eq/kg meat, respectively), however, when omega-3 content of meat is considered, the 396 
emissions of the grass-fed beef system was lower than the concentrate-feed system, 397 
18.5 and 48 kg CO2-eq/g omega-3, respectively. For those authors, the nutritional 398 
quality rather than quantity is likely to play a key role in sustainable livestock 399 
production systems. In this study, if we transform the CH4 emission per kg of omega-400 
3, as shown by McAuliffe et al. (2018), arguably the difference between RN and RT 401 
could be even greater, hypothetically considering that the meat content of omega-3 402 
polyunsaturated fatty acid is greater in the RN than the RT treatment. 403 
Another point that is pivotal for the reduction of CH4 emission per kg of meat 404 
is the number of animals per hectare. We believe that if grazing management such as 405 
‘Rotatinuous’ stocking is widely adopted in pasture-based systems, the number of 406 
animals can be automatically be reduced, without affecting meat production (rather 407 
an increase), and the CH4 emissions would be reduced considerably. It is worth 408 
noting that, overgrazing is often the main problem of pasture-based livestock 409 
production (Soussana and Lemaire, 2014). In other words, to improve pasture and 410 
animal production with grazing management it is necessary to adjust the number of 411 
animals per area according to the pasture production, which will be the key point to 412 
reduce the stocking rate on the farm. According to Herrero et al. (2016), reduction of 413 
herd size with the maintenance of production levels is considered a climate-smart 414 
grazing practice. 415 
In addition to the CH4 emission intensity, the animals from RN treatment were 416 
more efficient in the use of the energy, considering that CH4 yield (% of gross energy 417 
intake) was 9% lower (Table 5). This is explained by the greater herbage intake 418 




2018), the lower the CH4 yield. Dini et al. (2018) showed that the CH4 yield by 420 
grazing beef cattle was lower when the gross energy intake was greater. 421 
Thus, our results support the idea that the RN is climate-smart grazing 422 
management when compared to traditional rotational management, and that 423 
livestock’s grazing under RN approach is productive and environmentally 424 
sustainable. This is a standpoint neglected by studies arguing about the need to 425 
reduce meat consumption (e.g. Hedenus et al., 2014; Ripple et al., 2014; Scarborough 426 
et al., 2014; Lamb et al., 2016; Parodi et al., 2018; Sandström et al., 2018; Willett et 427 
al., 2019) and to motive the consumers to a dietary change (e.g. de Boer et al., 2016). 428 
While diversifying and balancing human diet by eating more vegetal is important and 429 
reducing animal products in the human diet can be environmentally favourable, it 430 
also limits the ingestion of essential nutrients (González-García et al., 2018). 431 
Accordingly, Green et al. (2015) argue that a drastic dietary change can provoke a 432 
significant reduction in GHG emissions beyond 40% in the current consumption 433 
patterns, but also reduce the nutritional quality of diets.  434 
GHG reduction and production of high-quality animal products are possible 435 
by adopting simple grazing management practices as described earlier. So, does 436 
grazing livestock have any good perspective? Benefits? We believe so. First, in 437 
previous research, Savian et al. (2018) showed that is possible to reduce by the CH4 438 
production by 1.6 times per area in RN well-managed grasslands. Second, we show 439 
in this study that it is possible to reduce 2.6 times of CH4 per kg of carcass gain of 440 
lambs without intense use of input (e.g. supplements).  441 
We do not show here the potential of C sequestration in this grassland system. 442 
Nonetheless, Savian (2017), in the same experimental protocol, proved that in 150 443 




treatment; 28% more than the RT treatment. The net primary production is the main 445 
responsible for the C sequestration (Soussana and Lemaire, 2014). For Herrero et al. 446 
(2016), grassland can potentially reverse historical soil C losses and sequester 447 
substantial amounts of C in pasturelands. Rumpel et al. (2018) argued that 448 
sequestering more C into soils should be considered a smart strategy to meet Paris 449 
climate pledges. However, to meet this objective, smart fertilization practices 450 
(Henderson et al., 2015), moderate grazing intensity (Da Silva et al., 2014; Carvalho 451 
et al., 2018b) and legume cover crops (Veloso et al., 2018) for grazing in integrated 452 
crop-livestock systems (ICLS), for example, are indispensable actions.  453 
A second perspective is land use. Lemaire et al. (2014) showed that ICLS 454 
offer ecosystem services such as nutrient cycling, preserving natural resources and 455 
environment, improving soil quality and enhancing biodiversity while increasing 456 
food production at the farm and regional levels. However, this is only possible with 457 
the insertion of the main agent of the ICLS, the animal component (Carvalho et al., 458 
2018a).  459 
The third component is related to a social approach. According to FAO 460 
(2018), globally, approximately one out of nine people is hunger or undernourished 461 
with rural people represents most of that amount (FAO, 2017) and depend directly 462 
on livestock for their livelihoods (FAO, 2018). Innovations such as ‘Rotatinuous’ 463 
stocking besides favouring and encouraging livestock production, can also generate 464 
more profit, mainly due to the lower feed cost per kg of DM and hectare (Table 1), 465 
and feed cost conversion (Table 3). 466 
Fourth, improved grazing managements such as the ‘Rotatinuous’ stocking 467 
reduce the cost of feeding (Table 1), which could reduce livestock competition for 468 




terms of overall feed conversion than monogastric (Mottet et al., 2018). They graze 470 
pastures with high-fibre content that are unsuitable for human consumption (Eisler 471 
et al., 2014). In this sense, when expressed in human-edible protein, the ruminants 472 
are very efficient to convert vegetal protein in animal protein when compared with 473 
industrial monogastric operations (Mottet et al., 2018). 474 
According to FAO (2013), improving feed-to-food conversion efficiency is 475 
fundamental for improving environmental livestock’s sustainability. Moreover, 476 
reducing food loss and waste are smart strategies for reducing food demand and the 477 
associated environmental impacts (Conrad et al., 2018; Springmann et al., 2018). In 478 
addition, improving the distribution of food in the world is a necessary action. It may 479 
be that in future, with increasing population, in some countries it will be necessary 480 
to diversify the diet of the people, which can result in a reduction of the consumption 481 
of meat per capita. However, this is not an easy activity because it involves countries 482 
economy, political economy (Godfray et al., 2018), purchasing power and culture. 483 
Finally, to answer all these are evidence of the ecosystem services promoted 484 
by well-managed grazing systems, such as ‘Rotatinuous’ stocking. Livestock’s good 485 
side outstands over its negative’s consequences. Public policies are necessary to help 486 
farmers to improve their perception of technology adoption by changing the farm's 487 
profile and so, to see the importance of these practices to improve food production 488 
and security to reduce environmental impact. This is essential for keeping people in 489 
rural areas, reducing rural exodus and poverty in the world. According to Mlambo 490 
and Mnisi (2019), sustainable ruminant production systems would ensure food and 491 
nutrition security to humans. 492 
 493 




Our study shows that grazing management termed ‘Rotatinuous’ stocking 495 
results in a greater carcass, edible food and crude protein production, feed efficiency, 496 
better carcass quality, and lower CH4 intensity and yield of lambs grazing Italian 497 
ryegrass pastures. Therefore, this sward management strategy is a win-win solution 498 
for environmental health allowing high animal production and high mitigation of 499 
GHGs for grazing systems, that is, it is possible to reduce CH4 intensity (g/kg carcass, 500 
edible food and crude protein production) and yield (% gross energy intake) at the 501 
same time. Moreover, ‘Rotatinuous’ stocking improves competitiveness since the 502 
feed cost efficiency is 2.8 times lower than poorly managed pastures. 503 
Finally, we highlight that changing conventional pasture management 504 
approach to one based on optimal herbage intake is a key factor to improve food 505 
production and reduce global CH4 intensity and yield on pasture-based systems. 506 
‘Rotatinuous’ stocking is an example of climate-smart livestock production strategy, 507 
being technologically adaptable and conceptually applicable on any farm around of 508 
the world. 509 
 510 
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Table 1 806 
Characteristics of Italian ryegrass pastures grazed by lambs under ‘rotatinuous’ 807 
stocking (RN) and traditional rotational stocking (RT) in the subtropical region of 808 
Brazil.  809 
 810 
Variables RN RT Mean ± SEM p-value  
Sward height (cm)     
Pre-grazinga 17.9 25.7 21.8 ± 0.03 <0.001 
Post-grazinga 11.4 8.13 9.76 ± 0.02 <0.001 
Pasture implantation (US$/ha) 239 239 - - 
Diet cost (US$/kg DM) 0.027 0.035 0.031 ± 0.00 0.001 
Diet cost per lamb (US$/day) 0.025 0.026 0.025 ± 0.00 0.461 
Diet cost per ha (US$/day) 0.627 1.148 0.887 ± 0.08 <0.001 
DM = dry matter; SEM = standard error of mean. 811 
a Savian et al. (2018). 812 
 813 




Table 2 815 
Feed efficiency and carcass characteristics of lambs finished in Italian ryegrass 816 
pastures under ‘rotatinuous’ stocking (RN) and traditional rotational stocking (RT) 817 
in the subtropical region of Brazil.  818 
 819 
 820 
Variables RN RT Mean ± SEM p-value 
Feed intake and efficiency     
Herbage intake (kg/ha/day) 22.6 32.2 27.4 ± 1.57 <0.001 
Feed conversiona 18.7 34.0 26.3 ± 3.30 <0.001 
Feed cost conversionb 0.51 1.42 0.96 ± 0.17 <0.001 
Animal characteristics     
Initial LW (kg) 21.2 23.0 22.1 ± 0.34 0.007 
Final LW (kg) 39.9 34.9 37.4 ± 0.84 0.022 
Stocking rate (lambs/ha) 25.6 44.6 35.1 ± 3.04 <0.001 
Carcass characteristics     
Hot carcass weight (kg)  18.7 15.7 17.2 ± 0.45 0.006 
Cold carcass weight (kg) 18.2 15.3 16.7 ± 0.44 0.006 
Cold carcass yield (kg/100 kg LW) 45.6 43.9 44.7 ± 0.78 0.399 
Carcass weight muscle (kg) 11.1 9.38 10.2 ± 0.30 0.041 
Carcass weight fat (kg) 2.83 2.10 2.46 ± 0.17 0.066 
Carcass weight bone (kg) 4.22 3.96 4.09 ± 0.09 0.454 
LW = live weight; DM = dry matter; SEM = standard error of mean. 821 
a Amount of DM intake divided by the carcass weight gain. 822 
b Amount of US$ spent on feed divided by the carcass weight gain. 823 
 824 




Table 3 826 
In vivo body and carcass conformation of lambs finished in Italian ryegrass pastures 827 
under ‘rotatinuous’ stocking (RN) and traditional rotational stocking (RT) in the 828 
subtropical region of Brazil.  829 
 830 
 831 
Variables RN RT Mean ± SEM p-value 
In vivo body conformation (cm)     
Body length 68.7 68.6 68.6 ± 0.78 0.957 
Leg length 55.1 53.4 54.2 ± 0.42 0.035 
Leg circumference 36.9 35.6 36.2 ± 0.42 0.307 
Chest width 13.1 12.5 12.8 ± 0.28 0.296 
Width of croup 18.8 17.1 17.9 ± 0.32 0.004 
Thoracic perimeter 107.1 97.9 102.5 ± 1.14 <0.001 
Previous height 63.5 61.8 62.6 ± 0.52 0.099 
Posterior height 67.4 65.3 66.3 ± 0.40 0.006 
Carcass conformation (cm)     
Internal length 81.3 77.5 79.4 ± 1.12 0.089 
External length 68.4 66.3 67.3 ± 0.57 0.213 
Leg length 29.5 29.3 29.4 ± 0.58 0.723 
Leg depth 34.6 32.1 33.3 ± 0.87 0.079 
Shoulder length 26.4 25.3 25.8 ± 0.51 0.476 
Shoulder depth 28.2 27.4 27.8 ± 0.37 0.340 
SEM = standard error of mean. 832 
 833 




Table 4 835 
Carcass composition and quality of lambs finished in Italian ryegrass pastures under 836 
‘rotatinuous’ stocking (RN) and traditional rotational stocking (RT) in the 837 
subtropical region of Brazil. 838 
 839 
 840 
Variables RN RT Mean ± SEM p-value 
pH (hot carcass) 6.97 7.06 7.01 ± 0.03 0.070 
pH (cold carcass) 5.66 5.65 5.65 ± 0.03 0.792 
Eye muscle area (cm2) 16.4 15.2 15.8 ± 0.56 0.284 
Eye muscle height (mm) 31.2 28.3 29.7 ± 0.58 0.009 
Eye muscle width (mm) 60.4 61.5 60.9 ± 1.30 0.671 
Marbling 2.5 1.5 2.0 ± 0.15 <0.001 
Subcutaneous fat thickness (mm) 3.73 3.15 3.44 ± 0.26 0.467 
Muscle (%) 61.2 61.2 61.2 ± 0.75 0.993 
Fat (%) 15.4 13.7 14.5 ± 0.83 0.266 
Bone (%) 23.3 26.0 24.6 ± 0.51 0.046 
Meat colour (L*)a 47.3 50.0 48.6 ± 0.91 0.149 
Meat colour (a*)a 15.1 15.0 15.0 ± 0.30 0.807 
Meat colour (b*)a 7.99 8.06 8.02 ± 0.33 0.824 
SEM = standard error of mean. 841 
Meat colour at 24 h post mortem (L* = lightness; a* = redness; b* = yellowness). 842 




Table 5 844 
Meat production and methane intensity and yield by lambs finished in Italian 845 
ryegrass pastures under ‘rotatinuous’ stocking (RN) and traditional rotational 846 
stocking (RT) in the subtropical region of Brazil.Figure caption 847 
 848 
 849 
Variables RN RT Mean ± SEM p-value 
Meat production (kg/ha)     
Carcass gain 184 122 153 ± 12.3 <0.001 
Edible food gain 141 90.5 116 ± 9.51 <0.001 
Carcass CP gain 28.1 18.6 23.3 ± 1.88 <0.001 
CH4 intensity (g/kg)     
Carcass gain 513 1357 935 ± 206 <0.001 
Edible food gain 669 1813 1241 ± 275 <0.001 
Carcass CP gain 3356 7146 5251 ± 1026 <0.001 
CH4 yield (%)     
Gross energy intake 7.6 8.3 7.95 ± 0.30 0.014 
DM = dry matter; CP = crude protein; SEM = standard error of mean. 850 
 851 






Fig. 1. Weight of commercial cuts of lambs finished in Italian ryegrass pastures under 855 
‘rotatinuous’ stocking (RN) and traditional rotational stocking (RT) in the 856 
subtropical region of Brazil. The p-values are the significance level of treatment 857 
effect and when there were differences between treatments, a Tukey HSD test was 858 
performed on the averages (p < 0.05) for each commercial cut. 859 
